ABSTRACT The determination of intestinal villus to crypt ratios (VCR) is a common method utilized to evaluate effects of various diet regimens on gut microanatomy and for the histologic quantification of intestinal responses to disease processes. Two methods for the determination of small intestinal VCR were compared in early age chickens. A standard method for VCR determination based on 10 villus and crypt length measurements in the jejunal region of the small intestine was employed for the calculation of villus to crypt length ratio (VCLR). That method was compared to a new approach based on a single histomorphometric determination of the crypt and total mucosal areas using image analysis software. Subtraction of the crypt area from the total area provided the villus area and allowed for the subsequent calculation of villus to crypt area ratio (VCAR). At 4 and 18 h posthatch, VCLR was higher than that of VCAR, but there was no significant difference between VCLR and VCAR at 0 h (hatch) and at 168 h (d 7) posthatch. Nevertheless, the pattern of age-associated changes for VCLR and VCAR were comparable throughout the early posthatch period. Furthermore, the new method used in determining VCAR is subject to less human error, allows for an appreciable reduction in the number of measurements required, and facilitates a larger intestinal segment evaluation. Standard linear measurements require the selection of variable numbers of villi and crypts, whereas the area method only requires selection of a single region that incorporates numerous villi and crypts of variable sizes in providing a less subjective approach. This is particularly advantageous in studies on intestinal disease conditions resulting in marked multifocal variation in villus stature. This study further documented age-associated changes occurring in the VCR of the small intestine during the early posthatch period. Across the 2 methods used for VCR determination, a major and highly significant reduction in the VCR was observed to occur between 18 h and 168 h posthatch.
ABSTRACT The determination of intestinal villus to crypt ratios (VCR) is a common method utilized to evaluate effects of various diet regimens on gut microanatomy and for the histologic quantification of intestinal responses to disease processes. Two methods for the determination of small intestinal VCR were compared in early age chickens. A standard method for VCR determination based on 10 villus and crypt length measurements in the jejunal region of the small intestine was employed for the calculation of villus to crypt length ratio (VCLR). That method was compared to a new approach based on a single histomorphometric determination of the crypt and total mucosal areas using image analysis software. Subtraction of the crypt area from the total area provided the villus area and allowed for the subsequent calculation of villus to crypt area ratio (VCAR) . At 4 and 18 h posthatch, VCLR was higher than that of VCAR, but there was no significant difference between VCLR and VCAR at 0 h (hatch) and at 168 h (d 7) posthatch. Nevertheless, the pattern of age-associated changes for VCLR and VCAR were comparable throughout the early posthatch period. Furthermore, the new method used in determining VCAR is subject to less human error, allows for an appreciable reduction in the number of measurements required, and facilitates a larger intestinal segment evaluation. Standard linear measurements require the selection of variable numbers of villi and crypts, whereas the area method only requires selection of a single region that incorporates numerous villi and crypts of variable sizes in providing a less subjective approach. This is particularly advantageous in studies on intestinal disease conditions resulting in marked multifocal variation in villus stature. This study further documented age-associated changes occurring in the VCR of the small intestine during the early posthatch period. Across the 2 methods used for VCR determination, a major and highly significant reduction in the
INTRODUCTION
Simple morphometric techniques have commonly been utilized in poultry studies to quantify alterations in microscopic intestinal parameters occurring with age, in response to various dietary regimens, probiotics, management practices, and as a quantitative tool to supplement routine subjective histological evaluations of gut pathology (Uni et al., 1995 (Uni et al., , 2000 Geyra et al., 2001; Jeurissen et al., 2002; Awad et al., 2008; Marchini et al., 2011; Moghaddam and Alizadeh-Ghamsari, 2013) . A common method employed for these purposes is the measurement of intestinal villus and crypt lengths with the subsequent calculation of the villus to crypt ratio (VCR). Jeurissen et al. (2002) have surmised that villus height, crypt depth, and their ratio are effective, yet easy and routine, histological methods for determining intestinal integrity. These determinations are usually accomplished by making a series of individual measurements of villi and crypts from routine histological preparations. It was of interest to determine if the use of a single measurement of villus and crypt areas could be substituted for the multiple measurements in providing similar histomorphometric information, and to compare the data generated using the 2 approaches. An opportunity was provided for such comparisons using a histological evaluation of a large study performed in broiler chickens of various ages. The study provided a large database for our comparisons. We report here the results comparing the microscopic methods including findings for age-associated changes.
MATERIALS AND METHODS

Research Design and Treatments
The protocols for the current study were approved by the Institutional Animal Care and Use Committee of Mississippi State University. Sixty-five Ross 708 (Aviagen, Inc., Huntsville, AL) broiler hatching eggs, obtained from a commercial source, were randomly set in a setter tray in a Jamesway model PS 500 setter unit, and were subsequently transferred at 18 d of incubation to a hatching basket in a Jamesway model PS 500 hatcher unit (Jamesway Incubator Co., Inc., Cambridge, Ontario, Canada). Information concerning incubation of the eggs in the setter and hatcher units and the candling and selection criteria of the experimental eggs were as described by Peebles et al. (2016) .
At hatch (21 d of age), 16 male chicks were randomly selected from the basket and placed in a floor pen in an isolated grow-out facility and were grown out through 168 h posthatch (7 d of age). Two chicks were randomly selected from the pen at 0 (hatch), 4, 18, and 168 h of brooding. A full description of the housing conditions and diet is provided by Peebles et al. (2017) . This study in part utilized intestinal samples from various ages, as this provided for a variety of villus and crypt sizes for the comparative methods evaluations. These parameters vary considerably during early age development with major effects on the ratios. Histomorphometric measurements of mean intestinal villus to crypt length (VCLR) and area (VCAR) ratios were taken on 15 intestinal sections from each of the 2 birds at each of the 4 posthatch time periods (120 total sections evaluated).
Histomorphic Measurement Methodology
Samples for histopathology were removed from the mid-gut (jejunum) region and placed into neutral buffered formalin for fixation and 5-micron thick hematoxylin-eosin stained sections were prepared following paraffin embedding and histological processing. The histological sections were evaluated using standard light microscopy. Quantitative histomorphometric measurements of intestinal villus lengths and areas were performed using NIH ImageJ software (Ferreira and Rasband, 2012) . Measurements were made from photomicrographs taken at 100× magnification. Major changes can occur in the intestine due to postmortem interval and fixation time and considerable variation in quality of sections can occur. It is important to minimize these effects and to use only those regions of the intestinal sections presenting good morphology. Therefore, the length of both the villi and crypt regions for a total of 10 selected individual and apparently complete, full-sized intestinal villi not exhibiting bending or mechanical damage, were measured for each sample. From the same photomicrograph regions, measurements of areas for a determined length of intestinal segment were made for corresponding total mucosa and crypt regions, and the villus area was then determined by subtraction of the crypt area from the total mucosa area. All measurements were made by a single individual. Crypt to villus ratios using the length and area data were then calculated. The 2 methods used for histomorphometric measurements of villus and crypt lengths or areas in turn utilized for calculation of ratios are depicted in Figure 1 .
Statistical Analysis
A completely random experimental design was employed. All data were analyzed in a split-plot design, with bird and histological section as the wholeand split-plots, respectively; and with bird age and VCR method as the whole-and split-plot factors, respectively. All data were analyzed using the MIXED procedure of SAS software 9.4 (SAS Institute, 2012). Least squares means were compared using Fisher's Protected LSD in the event of significant global effects. F tests were performed to evaluate treatment effects, and comparison of least squares means was achieved using t tests (Littell et al., 2006) . Statements of significance were based on P ≤ 0.05 unless otherwise stated.
RESULTS AND DISCUSSION
Examples of the microscopic appearance of modest and advanced intestinal crypt development are presented in Figure 2 , and changes occurring in intestinal mucosa with advancing age [at 0 (hatch), 4, 18, and 168 h (7 d) posthatch], at a 100× magnification, are shown in Figure 3 . A significant (P = 0.014) interaction between bird age and method of VCR determination was observed. The VCR interaction means are provided in Table 1 . There were no significant differences in VCR between the 2 methods employed at 0 and 168 h posthatch. However, in comparison to the area method, the calculated VCR was significantly higher when based on the linear method at 4 and 18 h posthatch. Across the 2 types of methods employed, there was a significant (P = 0.03) main effect due to posthatch bird age.
Across method, VCR was significantly lower at 168 h in comparison to the 3 earlier time periods, with numerical differences in VCR among the 3 earlier time periods. Mean VCR values across method at 0, 4, 18, and 168 h posthatch were 7.60 ± 0.537, 6.82 ± 0.539, 7.15 ± 0.537, Means within a row with no common superscript differ significantly (P ≤ 0.05).
1 Data from 15 histological sections from each of 2 birds (N = 30) in each posthatch age period were used to calculate means. and 3.91 ± 0.541, respectively. Furthermore, across bird age, there was a significant (P < 0.0001) main effect due to method of VCR determination. Across bird age, mean VCLR was significantly higher than VCAR. Mean VCLR and VCAR values across posthatch age were 6.55 ± 0.271 and 6.19 ± 0.271, respectively.
Analogous to the currently noted significant change in VCR between d 0 and 7 posthatch, Uni et al. (1995) noted in the intestines of chicks the initial appearance of a crypt layer at 16 d of incubation and a 9 to 11 fold change in villus height and perimeter from d 14 of incubation to d 7 posthatch. In addition, Uni et al. (2000) observed that in the first 108 h of posthatch age, the jejunal crypts of chicks developed rapidly, and Geyra et al. (2001) reported that jejunal villus surface area increased slowly after d 4 posthatch. The current jejunum VCR results are also similar to values reported in other previous studies. In their studies on dietary L-glutamine supplementation using 21 d-old broilers, Moghaddam and Alizadeh-Ghamsari (2013) reported normal jejunum VCR values for control and low-dose supplemented diets of 3.65 and 4.65, respectively. Those values are similar to those of VCLR (4.03) and VCAR (3.78), and of mean VCR (3.91) across method, at 168 h (d 7) in the current study. The VCLR values at 168 h (d 7) of this study were also very similar to those observed in chickens at 14 d of age (4.07) in an earlier report by Saki et al. (2011) . Furthermore, in their intestinal morphometric measurements (VCLR) of birds on synbiotic diets containing Enterococcus faecium and oligosaccharides, Awad et al. (2008) reported control values for the ileum to be 4.86, but that they increased to 7.13 when the symbiotic diet was used.
Although VCLR was found to be significantly higher than that of VCAR at 4 and 18 h posthatch, the observed values for VCLR and VCAR were comparable throughout the early posthatch period, suggesting that the 2 area approach is a feasible method by which to quantify the microscopic intestinal parameters examined in this study. Furthermore, the area measurement method for the documentation of intestinal histological alterations allows for the rapid evaluation of a larger number of individual villi than typically measured with the selection approach. It also is less subject to human error, reduces the potential for bias associated with subjective selection of individual inclusive villi, allows for an appreciable reduction in the number of measurements required, and facilitates a larger intestinal segment evaluation.
In conclusion, the 2 area approach is not only more pragmatic, but may be more reliable than the standard multiple measurement approach. The present study also further documents age-associated changes occurring in the VCR of the small intestine during early posthatch periods that are in agreement with other previous studies (Geyra et al., 2001; Awad et al., 2008) . Nevertheless, these current results indicate that bird age during the early posthatch period should be considered when deciding which method to use for determining intestinal VCR values.
